Abstract. The 95F myosin, a class VI unconventional myosin, associates with particles in the cytoplasm of the Drosophila syncytial blastoderm and is required for the ATP-and F-actin-dependent translocation of these particles. The particles undergo a cell cycle-dependent redistribution from domains that surround each nucleus in interphase to transient membrane invaginations that provide a barrier between adjacent spindles during mitosis. When 95F myosin function is inhibited by antibody injection, profound defects in syncytial blastoderm organization occur. This disorganization is seen as aberrant nuclear morphology and position and is suggestive of failures in cytoskeletal function. Nuclear defects correlate with gross defects in the actin cytoskeleton, including indistinct actin caps and furrows, missing actin structures, abnormal spacing of caps, and abnormally spaced furrows. Three-dimensional examination of embryos injected with anti-95F myosin antibody reveals that actin furrows do not invaginate as deeply into the embryo as do normal furrows. These furrows do not separate adjacent mitoses, since microtubules cross over them. These inappropriate microtubule interactions lead to aberrant nuclear divisions and to the nuclear defects observed. We propose that 95F myosin function is required to generate normal actinbased transient membrane furrows. The motor activity of 95F myosin itself and/or components within the particles transported to the furrows by 95F myosin may be required for normal furrows to form.
The unconventional myosin head domains are related in predicted amino acid sequence to the conventional myosin head domains (Cheney and Mooseker, 1992) . As might be expected based on this sequence conservation, the enzymatic properties of the unconventional myosins are similar to those of the conventional myosins; they have actin-activated ATPase activity and ATP-sensitive actin-binding activity and can translocate along actin filaments in vitro (for review of myosin I molecules, see Pollard et al., 1991 ; for myosin V, see Cheney et al., 1993a) . Thus, it is thought that they participate in some cell dynamics via translocation on actin. Since Dictyostelium mutants in which the conventional myosin II is missing or altered are still capable of many actin-based processes, including translocation, unconventional myosins are thought to be involved in these processes (DeLozanne and Spudich, 1987; Knecht and Loomis, 1987; Peters et al., 1988; Wessels et al., 1988 Wessels et al., , 1991 Titus et al., 1993) . However, the function of individual members of the unconventional myosin group in vivo is in most cases unknown. One exception is Acanthamoeba myosin IC, which is required for the proper function of the contractile vacuole, although the precise role of this myosin in contractile vacuole function is unknown (Doberstein et al., 1993) . For most unconventional myosins, determining their particular functions in cells remains a major challenge in the field.
One of the postulated functions of the unconventional myosins is cytoplasmic transport of vesicles along actin ill-aments. We have shown that the Drosophila 95F unconventional myosin (class VI) drives the movement of particles in the cytoplasm of living embryos (Mermall et al., 1994) , demonstrating that at least one unconventional myosin participates in transport in vivo. Localization studies in a variety of cell types (Fukui et al., 1989; Baines et al., 1992; Wagner et al., 1992) , cell fractionation data (Adams and Pollard, 1986; Miyata et al., 1989; Fath and Burgess, 1993; Fath et al., 1994) , and biochemical studies (Zot et al., 1992) provide indirect evidence that participation in transport may be a widespread property of the unconventional myosins. In addition, unconventional myosin-mediated transport of vesicles has been demonstrated in vitro (Adams and Pollard, 1986) .
Our studies focus on the role of the Drosophila 95F unconventional myosin during development. 95F myosin is the founding member of class VI (Kellerman and Miller, 1992; Cheney et al., 1993b) . This myosin class is likely to be ubiquitous, since it is found in widely diverse species, such as pig and nematode in addition to Drosophila (Kellerman and Miller, 1992; Bement et al., 1994; Hasson and Mooseker, 1994; and M. Titus, personal communication) . 95F myosin associates with cytoplasmic particles in Drosophila embryos (Kellerman and Miller, 1992) and translocates them in a cell cycle-dependent fashion (Mermall et al., 1994) . The particles, present throughout the cytoplasmic domain surrounding each syncytial nucleus during interphase, redistribute to transient membrane invaginations often referred to as pseudocleavage or metaphase furrows, during mitosis. The change in 95F myosin distribution led us to investigate further the role of 95F myosin-mediated transport in the actin-based dynamic processes of the early Drosophila embryo.
During the syncytial stage of embryonic development, several thousand nuclei form a monolayer in the cortical cytoplasm beneath the plasma membrane and undergo several rounds of very rapid, nearly synchronous division. Actin-based cytoplasmic organization is required to maintain the fidelity of nuclear divisions in the syncytium (Zalokar and Erk, 1976) . Actin-based metaphase furrows form between adjacent mitoses ( Fig. 1) and are required to maintain separation of neighboring mitotic spindles (Postner et al., 1992; Sullivan et al., 1993b) . Actin undergoes a dramatic redistribution from metaphase furrows to interphase caps (Fig. 1) , which are important for the maintenance of the relative position of syncytial nuclei (Postner et al., 1992) . The maintenance of nuclear position is critical as nuclei respond to positional information in the embryo before cellularization occurs (Hafen et al., 1984) . We find that 95F myosin function is required for normal actinbased structures to form. Inhibition of 95F myosin function leads to dramatic defects in syncytial blastoderm organization, suggesting that this myosin plays an important role in Drosophila development.
Materials and Methods

Fly Culture
Oregon R wild-type flies were maintained at 25°C on yeasted corn meal agar medium. Embryos were collected from yeasted grape juice agar plates.
Microinjections
Embryos were prepared for injection by standard techniques (Ashburner, 1989) and microinjected with control antibody (affinity-purified rabbit polyclonal antibody against glutathione-S-transferase [GST] 1 [8--13 mg/ ml, final concentration ~80-260 p,g/ml] or affinity-purified rabbit polyclonal antibody against 95F myosin heavy chain (Kellerman and Miller, 1992; Mermall et al., 1994 ) (9-12 mg/ml, final concentration ~90-240 p,g/ ml). Approximately 1-2% of egg volume was injected. After injection, embryos were incubated in a humidified chamber for 15-30 min before fixation. Embryos were then processed for fluorescence microscopy as will be described. In some experiments, injected antibodies were localized by incubating fixed embryos with FITC-labeled goat anti-rabbit secondary antibodies (Organon Teknika, Durham, NC).
Characterization of Anti-95F Myosin Polyclonal Antibody
Anti-95F myosin polyclonal antibody was affinity purified by transferring bacterially expressed full-length 95F myosin from SDS-polyacrylamide gels to nitrocellulose. The region of the nitrocellulose that contained the 95F myosin was cut out and blocked with 1% BSA in 20 mM "Iris, 0.5 M NaCl, 0.05% Tween-20, pH 7.5. Anti-95F myosin rabbit serum was diluted 1:1 and incubated with the membrane overnight at 4°C. The membrane was then washed with TBS (20 mM Tris, 0.5 M NaC1, pH 7.5) and eluted with 100 mM glycine, pH 2.8. The eluted antibody was immediately neutralized with Tris, dialyzed against TBS or PBS, and concentrated with a Centricon ultrafiltration device (Amicon Corp., Danvers, MA).
Anti-95F myosin mAb 3C7 was bound to protein A agarose beads (Bio Rad Laboratories, Richmond, CA) by incubating 900 txl of 3C7 culture supernatant, 100 ~1 of 500 mM sodium borate, and 100 Ixl of 5 M NaC1 with 25 Ixl of beads overnight at 4°C and then washed with IP buffer (20 mM Hepes, 150 mM NaC1, 250 mM sucrose, 0.5 mM EDTA, 0.5 mM EGTA, pH 7.5). 95F myosin was bound by incubating these anti-95F myosin antibody beads with 1 ml of clarified extract prepared from 0.5 g of 0°3 h Drosophila embryos in 6 ml of IP buffer, 1 mM PMSF overnight at 4°C and then washed with IP buffer plus 350 mM KC1. To assess the effect of i. Abbreviations used in this paper: DAPI, 4,6-diamidino-2-phenylindol; GST, glutathione-S-transferase. Figure 1 . Schematic cross section showing the distribution of F-actin during interphase and mitosis in the syncytial blastoderm Drosophila embryo. During interphase, F-actin is concentrated in caps above each nucleus. In mitosis, actin is evenly distributed under the plasma membrane, including the regions between caps where little F-actin is found during interphase. Actin-based metaphase furrows form in these regions and maintain the separation between adjacent mitotic spindles.
anti-95F myosin polyclonal antibody on actin binding, an excess (1.8 IxM) of polyclonal antibody or an equal volume of TBS was incubated with the beads for 5 rain. F-actin (final concentration 9 p,M) stabilized with 10 txg/ ml phalloidin was then added to the beads, which were incubated on ice for 30 rain. The beads were spun through a step gradient consisting of 500 p,l of 30% sucrose and 100 ixl of 60% sucrose in IP buffer. Proteins pelleted with the beads were fractionated by SDS-PAGE and stained with Coomassie blue. The relative amounts of actin and 95F myosin that pelleted with the beads were determined by scanning gels with a Scan Jet Plus (Hewlett-Packard Co., Palo Alto, CA) or ScanMaker (Microtek International, Inc., Hsinchu, Taiwan, ROC) scanner. The scanned gels were plotted and peak areas were calculated using NIH Image software. To control for slight differences in amounts of protein in each lane, the amount of pelleted actin was normalized for the amount of pelleted 95F myosin within each experiment. These experiments were previously reported in abbreviated form by Mermall et al. (1994) .
Fluorescence Labeling and Microscopy
Drosophila embryos were harvested from grape juice plates, dechorionated as previously described (Miller et al., 1989) , and fixed in a 2:2:1 mixture of 100 mM Pipes, 1 mM EGTA, 1 mM MgCI2, pH 6.9/heptane/formalin for 25 rain, followed by manual devitellinization. Embryos were blocked in 1% BSA in PBS for at least i h. Fixed embryos were incubated with rhodamine-or FITC-labeled phalloidin (Sigma Chemical Co., St. Louis, MO) to visualize F-actin and with 4,6-diamidino-2-phenylindol (DAPI; Molecular Probes, Inc., Eugene, OR) to label DNA. 95F myosin was localized by incubation with purified mouse mAb 3C7 (Miller et al., 1989) , followed by FITC-labeled goat anti-mouse secondary antibody (Organon Teknika). To visualize tubulin, embryos were fixed as described by Karr and Alberts (1986) , except that twice the formalin and 80% of the taxol were used. We found that this fixation method provided optimal fixation of both F-actin and microtubules in injected embryos with a minimum of artifact. Kellogg et al. (1988) found that taxol treatment induced the proliferation of microtubules in the centrosome region and astral microtubules during interphase and prophase. We found minimal taxolinduced artifacts at the reduced concentration of taxol used, and these were most frequently observed in interphase embryos, which were not under consideration in this study. Anti-tubulin mAb (gift of Dr. Bruce M. Alberts, UCSF) and rhodamine-labeled goat anti-mouse antibody (Cappell Laboratories, Malvern, PA) were used to stain tubulin. In some experinaents, the plasma membrane was visualized with FITC-labeled Con A (Molecular Probes, Inc.).
Examination of tubulin and actin in three dimensions was performed by computational optical sectioning microscopy . 64 optical sections, 0.5 I~m apart, were collected, and the fluorescence intensity of each focal plane was normalized within the three-dimensional stack of images before processing with a full three-dimensional nonlinear deconvolution method (Joshi and Miller, 1993) . Optical sectioning microscopy was also used to produce three-dimensional images of Con A-, phaUoidin-, and DAPI-stained embryos. 40 sections were collected 0.5 p~m apart and processed as previously described.
Scoring of Defects
The nuclear cycle of fixed embryos was determined by examining DAPI staining to assess nuclear density (Foe and Alberts, 1983) . Most embryos were staged by eye; however, DAPI-stained embryos of questionable age were photographed and nuclear density was determined. Embryos fixed in nuclear cycles 12 and 13 were then examined for defects. Injected embryos stained for actin, DNA, and the injected antibody were scanned at 200× for the presence of gross morphological defects in nuclear morphology or in the actin cytoskeleton. A defect was defined as a region of three (minimum) or more nuclei that had aberrant morphology or a region of similar size that had aberrant actin structures. Defects were scored as either occurring within the region of high injected antibody concentration (correlated) or not (uncorrelated). If defects were detected, they were examined in detail at 1,000×. Any embryos with obvious defects resulting from mechanical damage during sample preparation, injection, or devitellinization, or embryos that were so abnormal that the defects could not be easily assigned to either class were excluded from the scoring. Embryos occasionally had more than one area with defects; these were scored as follows: If an embryo had defects of approximately equal extent in both high antibody and low antibody regions, then it was scored as having an uncorrelated defect. If an embryo had defects in both high antibody and low antibody regions, but one region had a substantially more extensive defect, it was scored as having a defect in the area with more extensive defect. In embryos with more than one defect, it was usually the case that the more extensive defect was in the region of high antibody concentration. It was only rarely the case that defects were more extensive in the region of low antibody concentration, Observations were documented on hypersensitized Technical Pan film (hypersensitization materials from Lumicon, Livermore, CA; film from Eastman Kodak Co., Rochester, NY).
Results
Inhibition of Actin Binding by Anti-95F Myosin Polyclonal Antibody
The effect of affinity-purified anti-95F myosin polyclonal antibody on actin binding in vitro was assessed by immobilizing 95F myosin from Drosophila embryo extracts to protein A agarose beads via the anti-95F myosin mAb 3C7, adding anti-95F myosin polyclonal antibody and F-actin, pelleting the beads, and quantifying the pelleted 95F myosin and actin. When no mAb 3C7 was used, no 95F myosin was bound to the beads and only a very small amount of actin pelleted (Fig. 2 A) . However, when 3C7 was bound to the beads, 95F myosin was also bound and the amount of actin that copelleted with the beads increased substantially (Fig. 2 A) . When beads containing bound 95F myosin were treated with anti-95F myosin polyclonal antibody, the amount of pelleted actin decreased (Fig. 2 A) . In four experiments (Fig. 2 B) , the polyclonal antibody inhibited between 35 and 80% of actin binding (56% average, SD of 19).
Defects in Nuclei Associated with Loss of 95F Myosin Function
We have previously shown that 95F myosin associates with cytoplasmic particles in the embryo cortex and that these particles undergo 95F myosin-mediated transport (Mermall et al., 1994). The particles associate with the actinbased metaphase furrows that form during mitosis. The furrows are required for normal cortical organization. To determine whether 95F myosin plays a role in maintaining the organization of the embryo cortex, its activity was inhibited in living embryos with affinity-purified polyclonal antibody specific for the 95F myosin heavy chain (Kellerman and Mermall et al., 1994) . This antibody inhibits the association between 95F myosin and F-actin (as previously described) and blocks the particle translocation catalyzed by 95F myosin (Mermall et al., 1994) . Anti-95F myosin or control antibodies were microinjected into syncytial blastoderm embryos. The injected embryos were allowed to develop for one to two additional nuclear cycles, fixed, and stained with DAPI to examine nuclear position and morphology. Since the cortical nuclei form a regular, evenly spaced monolayer just beneath the plasma membrane, their arrangement is a highly sensitive indicator of cortical organization. Aberrant nuclear distribution and morphology can result from misorganization of both the actin ( ( Warn et al., 1987; Minden et al., 1989; Sullivan et al., 1990 Sullivan et al., , 1993a Postner et al., 1992) . Since there was limited diffusion of injected antibodies, we identified regions of high antibody concentration using a fluorescent secondary antibody and correlated the position of defects with respect to these regions. Regions of the embryo that contained little injected antibody served as an internal control. We focused on embryos fixed during nuclear cycles 12 and 13, since these embryos had gone through at least one cycle in which metaphase furrows formed under the influence of antibody. Furthermore, a high degree of organization is required to maintain the fidelity of nuclear divisions during these nuclear cycles as neighboring mitotic spindles are in close proximity.
When anti-95F myosin antibodies were injected, many nuclear defects were observed. In regions where antibody concentration was high, some nuclei were elongated or multipolar whereas others were enlarged but round (Fig.  3 , F, H, and J), suggesting that the nuclei collided with their neighbors or failed to complete karyokinesis and fused. In some regions nuclei were missing from the cortical cytoplasm (Fig. 3, F and H) . In these regions, nuclei were often visible below the normal apical cortical layer (out of focus nuclei in Fig. 3 H) . This type of defect is consistent with division failures in previous nuclear cycles (Minden et al., 1989; Sullivan et al., 1990 Sullivan et al., , 1993a . Aberrations in nuclear spacing were also seen (Fig. 3, F and H) . In some embryos the number and morphology of the nuclei were normal, and only spacing of the nuclei was abnormal (data not shown). In some embryos small dots of DAPI staining were present, perhaps representing chromosomes lost from nuclei during aberrant divisions (Fig. 3, 
F, upper portion).
Often, several types of nuclear defects were seen in the same embryo.
Regions of nuclear defects most frequently correlated with the area where the injected anti-95F myosin antibody concentration was high (Fig. 3 , compare antibody distribution in D with nuclear morphology and distribution in E). 47% (n = 145) of antibody-injected embryos had nuclear defects that correlated with the position of high antibody concentration ( Fig. 3 , E, F, H, and J), whereas few defects were found in regions of low anti-95F myosin antibody concentration (Fig. 3 , G, I, and K). In embryos injected with control antibodies, few correlated nuclear defects were seen (17% had defects; 72% had normal nuclei; Fig. 
3, A-C).
A small number of embryos had defects (~10%) that did not correlate with the site of high antibody concentration in both control and anti-95F myosin antibodyinjected embryos. We speculate that these uncorrelated defects occurred naturally or resulted from the handling of embryos during preparation for injection and fixation.
In addition to the substantial quantitative difference between experimental and control embryos, there were also qualitative differences. In many embryos injected with anti-95F myosin antibody, the defective region was coextensive with the spread of antibody. This was rarely the case when correlated defects were found in control in- Note that the region shown is at the edge of the high antibody concentration region. Nuclear spacing, size, and shape are very regular. Although minor defects can be seen (several nuclei are closer together than is normal), the defects are slight when compared with those seen in the region of high antibody concentration. This embryo is an example of one in which defects both correlated and uncorrelated with antibody were present. It was scored as having a correlated defect. (H and/) Regions of high and low injected antibody concentration, respectively, from another embryo injected with anti-95F myosin antibody are shown at high magnification. In H (high antibody concentration), nuclear spacing is abnormal, many of the nuclei are abnormally shaped, and many of the nuclei are out of the plane of focus, indicating that they have moved away from the cortex. Enlarged, small, and fused, multipolar nuclei can also be seen. In I (low concentration), nuclear spacing is regular and all of the nuclei are the same size. (J and K) Similar regions from a different embryo injected with anti-95F myosin antibody are shown. Nuclear defects are seen in the region of high antibody concentration (J), whereas no defects are seen in the region of low antibody concentration (/). In all examples (F, H, and J), there is a correlation between high antibody concentration and gross nuclear defects. Bars: (A) 100 Ixm; (C) 10 ~m. jected embryos. In these embryos the defective region was frequently localized to a smaller region than the antibody. This qualitative difference was not reflected in the quantitative scoring.
To determine whether the types of nuclear defects occurring from the loss of 95F myosin function were distinct from those that result from nonspecific effects, we examined the types of defects in both control and anti-95F myosin antibody injections. For this analysis, we divided nuclear defects into four different classes: (1) enlarged, fused or multipolar nuclei; (2) nuclei missing from the apical cortex; (3) aberrant spacing; and (4) other misshapen but not enlarged nuclei. The class of elongated, fused, bridged, or multipolar nuclei occurred with much greater frequency in anti-95F myosin-injected embryos (24%) than in controls (2% ; Table I ). These types of nuclear defects have been shown to result from aberrant syncytial divisions (Sullivan et al., 1990 (Sullivan et al., , 1993b Postner et al., 1992) . The class of missing nuclei occurred with somewhat higher frequency in embryos injected with anti-95F myosin antibodies (26%) than in those injected with control antibodies (17%), but the difference in frequency was not as dramatic. Missing nuclei can result from prior aberrant nuclear divisions (Minden et al., 1989; Sullivan et al., 1990 Sullivan et al., , 1993a . However, other forms of damage may also cause this defect, since it was seen at relatively high frequency in the uncorrelated defect class. The other defect classes also occurred with greater frequency when anti-95F myosin antibodies were injected, but the differences in frequency were small when compared with control or uncorrelated defects. This analysis suggests that the class of nuclear defect encompassing enlarged or multipolar nuclei is specific for loss of 95F myosin function.
Defects in Spindles Associated with Loss of 95F Myosin Function
The nuclear defects we observed were consistent with a disruption of the organization of the embryonic cortex allowing inappropriate interactions between nuclei. To de- termine whether these nuclear defects were produced by a failure to maintain separation of mitotic spindles, we examined spindles in embryos injected with anti-95F myosin antibodies or control antibodies. Immunofluorescence labeling of tubulin in embryos injected with control (anti-GST) or anti-95F myosin antibodies and localization of the injected antibody demonstrated that defects in the microtubule cytoskeleton correlated with the position of the injected anti-95F myosin antibodies (Fig. 4) . In regions of high antibody concentration, we observed colliding mitotic spindles (Fig. 4, D and E, arrows) . Microtubules from one spindle also crossed over to neighboring spindles and appeared to interact with those spindles (Fig. 4 D) ; they may also interact with inappropriate chromosomes. These interactions can result in the misassortment of chromosomes and fused, multipolar nuclei (Sullivan et al., 1990) . We also observed centrosomes without associated microtubule structures (data not shown), perhaps generated by defective nuclei that had sunk into the interior, leaving their centrosomes behind (Sullivan et al., 1990; Yasuda et al., 1991) . In addition, spindles with aberrant morphology were observed, and these aberrant spindles were associated with defects in nuclear morphology (Fig. 4) . Some spindles appeared shorter and wider than normal and were associated with multiple nuclei (see top spindle in collision marked with arrows in Fig. 4 , D and E). These dramatically misshapen spindles may have resulted from mitotic aberrations in previous cycles, since defective nuclei were already apparent.
Defects in the Actin Cytoskeleton Are Associated with Loss of 95F Myosin Function
The types of defects seen in microtubule structures and nuclei are consistent with the failure of the actin-based metaphase furrows to form a barrier between adjacent mitoses (Postner et al., 1992; Sullivan et al., 1993b) . To assess the integrity of the actin cytoskeleton embryos injected with anti-95F myosin antibody were stained with fluorescently labeled phalloidin to visualize F-actin. In regions of high antibody concentration, we found defects in the actin cytoskeleton (Fig. 5, D and E, G and H, and J). There was a dramatic correlation between regions with disrupted actin and regions of high antibody concentration (Fig. 5 , compare D with E and G with H). Some actin furrows and caps were fuzzy or indistinct. In fuzzy furrows, the lines of actin staining were broad and less crisply defined than normal (Fig. 5, H and J) . We also observed regions of reduced or diffuse actin staining (Fig. 5 , upper region of disrupted area of E). In some cases, we observed regions where the actin-based furrow spacing was aberrant (Fig. 5, H and upper portion of J) or regions where caps were smaller than normal. Multiple types of actin defects were found within single embryos. Defects in the actin cytoskeleton were associated with nuclear defects (Fig. 5, E and F, H and L and J and K) of the types previously described.
Embryos injected with antibodies against 95F myosin had a much greater incidence of actin defects (48% correlated defects, 44% normal; n = 145) than embryos injected with control antibodies (16% correlated defects, 77% normal; n = 105). A small number of defects (N8%) did not correlate with the site of high antibody concentration in both control and anti-95F myosin antibody-injected embryos. As is the case with nuclear defects, these uncorrelated defects probably resulted from the handling of embryos during preparation for injection and fixation, as well as naturally occurring defects.
To determine whether the types of defects resulting from the loss of 95F myosin were distinct from those resuiting from nonspecific effects, we examined the incidence of different types of defects occurring in both anti-95F myosin and control antibody injections. For this analysis, we scored actin defects in five classes: (1) fuzzy or indistinct actin structures; (2) missing actin structures; (3) aberrant spacing of actin caps; (4) small mesh actin furrows or small caps; and (5) other. A much greater incidence of fuzzy or indistinct actin structures occurred when anti-95F myosin antibodies (25%) were injected than when control antibodies were used (3% ; Table II ). Actin structures were missing in 25% of embryos injected with anti-95F myosin antibodies, whereas only 10% of the control injected embryos displayed this defect (Table II) . Since many more experimental embryos had this defect that controls, the loss of actin structures may have been a direct result of the inhibition of 95F myosin function. However, actin loss could result from the loss of centrosomes (along with their associated nuclei) owing to aberrant divisions in previous nuclear cycles, since centrosomes are involved in the organization of cortical actin structures (Raft and Glover, 1989; Yasuda et al., 1991) . In addition, nonspecific damage might have resulted in the loss of actin structure, since this type of defect occurred with relatively high frequency uncorrelated to injected antibody (Table II) . Although the other classes of defects occurred with slightly higher frequency in anti-95F myosin-injected embryos than in control injected embryos, the increase in frequency was not very dramatic. These data suggest that fuzzy or indistinct actin structures are specific to the loss of 95F myosin function.
Defects in Actin Structures Correlate with Defects in Nuclear Morphology
The class of nuclei that are elongated, fused, bridged, or multipolar and the fuzzy indistinct actin structures were both specific for the loss of 95F myosin function. We therefore examined whether these two types of defects occurred together, suggesting that the nuclear defects were caused by the actin defect. The elongated, fused, bridged, or multipolar nuclear defects strongly correlated with actin defects (44 of 46 embryos). Most commonly missing (25 of 46 embryos) and/or fuzzy, indistinct (18 of 46 embryos) actin defects were present in regions of nuclear defect (Ta- ble III and Fig. 5 ). Since metaphase furrows cannot form when F-actin is missing, it is reasonable that nuclear defects would be present in these regions. However, in many cases actin was present in the correct location, but was not organized properly (Table III) . This suggests that actin alone is not sufficient to maintain separation between adjacent mitoses and that 95F myosin and/or the 95F myosin-associated particles are important for proper organization of the actin cytoskeleton.
Defects in Actin Structures Precede Defects in Microtubules
The organizations of the actin-and microtubule-based cytoskeletons of the syncytial blastoderm are interdependent. Centrosomes provide spatial cues for the localization of actin caps and metaphase furrows (Raft and Glover, 1989; Yasuda et al., 1991) . In particular, the furrows form between centrosomes of adjacent nuclei. If centrosomes are not properly positioned, furrows normally adjacent to those nuclei may not form (Sullivan et al., 1990) . Conversely, if no metaphase furrows form, neighboring spindles interact, leading to microtubule defects (Postner et al., 1992; Sullivan et al., 1993b) . As a result, actin defects could be the result of defects in the microtubule-based cytoskeleton, or the converse may be true. To determine whether the primary effect of the loss of 95F myosin function is a disruption of the actin cytoskeleton, we examined actin structures in mitotic embryos before gross abnormalities'in microtubules and nuclei were evident. In these embryos most spindles had normal morphology and position; therefore we expected normal metaphase furrows. However, this was not the case. One example is shown in Fig. 6 . When examined at low power (not shown), this embryo was not grossly abnormal--only minor nuclear and microtubular aberrations were apparent. When examined at high power, most of the actin array (green) appeared essentially normal when viewed en face (Fig. 6 A) . The actin-based metaphase furrows invaginate perpendicular to the embryo surface; thus, actin has a polygonal appearance in an XY view (A). Each spindle (red) was surrounded by discrete lines of actin staining. To examine furrow structure in detail, we used computational optical sectioning microscopy to obtain three-dimensional images (XZ sections; Fig. 6 , B, C, and D). Some furrows and spindies appeared normal, with actin staining extending into the embryo to the depth of the spindles and tubulin staining contained within the domain established by the furrow (Fig. 6 , A, C, and D, brackets). The actin and tubulin staining in these regions was similar to the distributions of actin and tubulin seen in control injected embryos (not shown) and previously reported (Karr and Alberts, 1986; Sullivan et al., 1993b) . In contrast, other regions of the embryo appeared to have slight defects in the actin-based furrows. There were gaps in some furrows and some appeared indistinct (Fig. 6 A, arrows). These abnormal actin furrows did not seem to function as barriers between spindles; microtubules could sometimes be seen crossing over these actin structures and adjacent spindles could be seen encroaching on neighboring cytoplasmic domains (Fig. 6 A, arrows) . When examined in XZ sections (Fig. 6, B-D) , some invaginations did not extend into the embryo to the depth of the spindles (Fig. 6, C and D, arrows) . Some furrows appeared fuzzy and misorganized (Fig. 6 B and D, arrowheads) . A few aberrant spindles could be seen (Fig. 6 A, asterisks) , but even these aberrant microtubule structures were surrounded by actin in a furrowlike distribution. It is unlikely that the defective actin furrows observed in this embryo resulted from prior microtubule defects, since most spindles appeared normal. However, the encroachment of microtubules from one spindle into neighboring domains that occurred as a result of aberrant actin furrows was likely to be the event that gave rise, after subsequent division cycles, to the gross nuclear defects previously presented (Figs. 3,  4, and 5) .
The integrity of the metaphase furrows was further explored by examining the distribution of membrane (stained with Con A), actin, and DNA. Computational optical sectioning microscopy of embryos injected with anti-95F myosin was used to examine these components in three dimensions (Fig. 7) . In regions that appeared normal (Fig. 7, A and C, brackets) , actin (red) and Con A (green) were both concentrated in the furrow region (yellow). Actin could be seen underlying membrane in invaginations that extended to the depth of the nuclei. Nuclei were found in the cortex, were regularly shaped, and were separated by actin staining. However, in some regions actin and membrane were found in structures that did not extend into the embryo to the normal depth of cortical nuclei ( Fig. 7, arrows; compare with normal region marked with brackets in A and C). Nuclei associated with these defective structures were sinking into the embryo's interior. This loss of cortical nuclei was one of the gross defects likely to result from the more subtle defect in metaphase furrow organization (Fig. 6) . In both normal and abnormal appearing furrows, actin was frequently found deeper in the embryo than the Con A membrane marker (Fig. 7, B-C) .
Localizatin of 95F Myosin and Actin During Cell Cycle--dependent Redistributions
The nuclear and microtubule defects found were consistent with a failure of metaphase furrows to separate adjacent mitoses. That actin-mediated events underlie these defects was supported by the observed abnormalities in furrow structure. To understand the generation of defects further, we examined the spatial and temporal relationship between 95F myosin and actin during their cell cycledependent redistributions. We used fluorescent labeling of fixed embryos to visualize 95F myosin and actin simultaneously. We correlated the distributions of these proteins to the stage of embryonic development and position in the cell cycle by using DAPI to visualize DNA.
During interphase of nuclear cycles 11-13, 95F myosinassociated particles were found throughout the cytoplasmic domains surrounding each nucleus (Fig. 8 / ) . These domains encompass the region in which both actin caps and microtubules associate with each nucleus. Although 95F myosin-associated particles were concentrated in these cytoplasmic domains, they were also found in regions between domains; thus the domain boundaries were not always as clearly defined as those of actin caps. Occa- sionally, linear elements of 95F myosin fluorescence could be seen extending along the edge of a cytoplasmic domain. F-actin was not found in these linear structures. In early prophase, before the actin has substantially rearranged, 95F myosin accumulated in the region where actin-based metaphase furrows would form (Fig. 8 P) . Later in prophase, F-actin began to form the polygonal array characteristic of metaphase furrows, and 95F myosin fluorescence coincides with F-actin. This polygonal distribution of actin and 95F myosin remained visible throughout metaphase (Fig. 8 M) . However, the concentration of 95F myosin in these structures decreased as mitosis proceeded. During anaphase, the mitotic invaginations vanished, and both actin and 95F myosin lost the furrow-like appear- Figure 8 . The distribution of 95F myosin in relation to F-actin and DNA. Embryos were stained with fluorescent phalloidin to visualize F-actin (Actin), mAb 3C7 and fluorescent secondary antibody to localize 95F myosin (95F Myosin), and DAPI (DNA). Progression through interphase (/), prophase (P), metaphase (M), and anaphase (A) is shown. Bar, 5 ~m.
ance; much less organization was evident as actin and 95F myosin returned to their interphase distributions (Fig. 8  A) . These studies show that 95F myosin enters the region where actin-based furrows will form before most of the actin and also leaves, before actin. 95F myosin is in the right place at the right time to contribute to the formation of normal metaphase furrows, consistent with the defects observed when 95F myosin function was inhibited.
Discussion
Loss of 95F Myosin Function
The studies presented here suggest that the 95F unconventional myosin plays an important role in the early development of Drosophila embryos. We have previously shown that this myosin catalyzes transport of cytoplasmic particles in embryos (MermaU et al., 1994) . We now show that inhibition of this myosin's function has dramatic effects on embryonic development. Syncytial blastoderm divisions are aberrant, leading to disorganization of the blastoderm. Nuclear morphology and position are affected. The defects we report are similar to defects seen when the actin cytoskeleton is disrupted by drugs (Zalokar and Erk, 1976) or by genetic manipulation (Sullivan et al., 1990 (Sullivan et al., , 1993b Postner et al., 1992) . Cytochalasin treatment leads to gross abnormalities, including anaphase nuclear collisions, polyploid nuclei, and multiple spindles (Zalokar and Erk, 1976) . Embryos derived from females homozygous for the scrambled (sced) and nuclear-fallout (nujO mutations have nuclei that vary in size and shape, abnormal nuclear spacing, and regions devoid of nuclei (Sullivan et al., 1993b) . In these mutant embryos nuclear defects arise from disruption of the actin-based metaphase furrows that separate neighboring nuclear domains. This leads to spindie defects that cause the aberrant nuclear divisions. Another mutation, sponge, causes disruption of both actin caps and furrows; similar nuclear defects are observed (Postner et al., 1992) .
The defects observed when 95F myosin function is inhibited are similar to those seen when the actin cytoskeleton is disrupted; therefore, it seems likely that they result from effects on the actin cytoskeleton. We further investigated the generation of these defects by examining the distribution of microtubules and actin in antibody-injected embryos. Our results show that there is a correlation between disruption of 95F myosin function, abnormal actin, abnormal spindles, and defects in nuclear morphology and position. Embryos fixed during mitosis and stained to reveal these cellular components provide evidence of how the defects we see are generated. In the abnormal regions during mitosis, neither actin nor membrane extends into the embryo to the same extent as seen in normal furrows. Actin in the furrowlike structures that are present appears to be poorly organized. Microtubules can be seen crossing over the abnormal furrows, allowing neighboring spindles to interact. During anaphase, spindles often collide, generating large and misshapen nuclei. These data suggest that 95F myosin and/or the particles it transports are required for normal actin-based metaphase furrows to form (Fig. 9) .
In this study we found overall rates of embryos with defects (actin and/or nuclear) caused by injection to be 47% (n = 148) for embryos injected with anti-95F myosin antibodies and 18% (n = 107) for control injections. This almost threefold higher rate of defects in experimental versus control embryos indicates that disruption of 95F myosin function, even in only a portion of the embryo, has significant detrimental effects on development. However, defects that did not correlate with injection were also seen. Approximately 10% of both control and experimental embryos have uncorrelated defects. These defects are most likely to be nonspecific and are equally likely to occur in any region of the embryo. Therefore, nonspecific defects that occur in regions of high antibody concentration would be scored as correlated defects. If the estimated number of nonspecific defects scored as correlated are subtracted out as background, the percentage of embryos with correlated defects is approximately fivefold greater in embryos injected with anti-95F myosin antibody than in controls. Although there is a substantial difference in the rates of defects seen in experimental versus control embryos, it is likely that we underreport the number of embryos affected by anti-95F myosin antibody. This may be due to several factors. These defects were initially detected in low power scans of slides. In most cases, only one side of an embryo could be examined; if a defect was present on the other side of an embryo (away from the lens), that embryo may have been scored as normal. It is also likely that nascent defects were missed in some experiments, as such defects may not have been visible at low power. For example, the actin furrows in Fig. 6 would not have been scored as defective since they appear relatively normal when viewed en face. A three-dimensional examination of these furrows was required to see their defects. In addition to difficulties in detecting defects, antibody injection may not produce defects in every injected embryo. The location, timing, and quantity of injected antibody may play a role in the generation of defects. More importantly, not every disruption of actin-based metaphase furrows will produce dramatic defects in other cellular components. In sponge embryos there is a total loss of metaphase furrows, but substantial numbers of aberrant spindles and nuclei are not seen until mitosis of cycle 12 (Postner et al., 1992) . This implies that embryos lacking 95F myosin function during the mitosis of cycle 11 and fixed in cycle 12 should not be expected to have substantial nuclear defects, even if furrows are widely disrupted.
Our previous studies showed that the anti-95F myosin antibody blocks the transport of 95F myosin-associated particles in vivo (Mermall et al., 1994) . This previous study used a lower concentration of antibody. Transport was affected only in a small area for a limited time period. In the current study, higher antibody concentrations were used to disrupt 95F myosin function over a region large enough to produce scorable defects. At the antibody concentration used in this study, 95F myosin may precipitate within the cell (data not shown). It is unlikely that precipitated 95F myosin can mediate transport. However, in some cases anti-95F myosin antibody appears in a furrowlike distribution after the embryo has completed mitosis (data not shown). If 95F myosin was in furrows when the antibody was injected, it may remain in a furrlowlike distribution owing to precipitation or loss of transport function. However, we do not know whether this antibody distribution reflects endogenous 95F myosin protein distribution. The large amount of anti-95F myosin antibody already present makes it difficult to determine the distribution of 95F myosin in antibody-injected embryos.
Localization of 95F Myosin
The localization of 95F myosin in relation to F-actin supports the conclusion that 95F myosin is required for normal actin-based structures. 95F myosin-associated particles are found in cytoplasmic domains around the nuclei during interphase. Early in mitosis, 95F myosin is concentrated in the region where the actin-based metaphase invaginations will form. We have observed the 95F myosin-dependent translocation of 95F myosin-associated particles to the metaphase furrow region (Mermall et al., 1994) . The redistribution of 95F myosin occurs while most F-actin is still in interphase caps, although some F-actin must be present in the intercap region to support the 95F myosin-dependent translocation of particles. As mitosis proceeds and actin-based metaphase furrows are evident, 95F myosin becomes less concentrated in these structures. These data suggest that, in response to cell cycle cues, 95F myosin undergoes a redistribution to the metaphase furrow region before the redistribution of most of the F-actin. Thus, 95F myosin is in the proper location at the proper time to participate in the formation of the metaphase furrows. F-actin in the early embryo colocalizes at particular times with a large number of actin-binding proteins; including 95F myosin (Miller et al., 1989) . As these proteins mediate the formation and dynamics of actin structures (Weeds, 1982; Pollard and Cooper, 1986) , it is reasonable that 95F myosin and/or the 95F myosin-associated particles may contribute to the formation of these actin-based structures.
The redistribution of 95F myosin in response to cell cycle cues may be accomplished through mechanisms similar to those used to regulate the activity of other unconventional myosins. Some Acanthamoeba and Dictyostelium myosin I molecules require phosphorylation of a conserved serine or threonine residue in the head domain for maximal ATPase activity (Tan et al., 1992) . Both 95F myosin and porcine myosin VI, a 95F myosin homologue, contain a threonine at this conserved site . Association with light chains provides another regulatory route. The actin-activated ATPase and motile activity of several unconventional myosins are regulated by calmodulin light chains in vitro (Collins et al., 1990; Cheney et al., 1993a; Wolenski et al., 1993) . Both Drosophila and porcine myosin VI possess a putative calmodulin-binding IQ domain (Kellerman and Miller, 1992; Hasson and Mooseker, 1994) , and porcine myosin VI has been shown to bind calmodulin . Porcine myosin VI distribution appears to be regulated by a developmental signal . Like 95F myosin's cell cycle redistribution, regulation of its distribution in response to specific signals may also be important for its function. Porcine myosin VI is associated with the apical brush border in kidney proximal tubule, where it is hypothesized to play a role in membrane recycling . 95F myosin's role in transport would lend support to this speculation. However, it remains to be demonstrated whether porcine myosin VI is involved in transport of cytoplasmic components, as is 95F myosin.
Potential Functions of 95F Myosin
What role may 95F myosin and/or its associated particles play in metaphase furrow function? The presence of actin at the sites where metaphase furrows would normally form in embryos injected with anti-95F myosin antibody suggests that 95F myosin is not required to recruit actin to the furrow region. Although actin is often present, normal invaginations do not form.
Since other unconventional myosins interact with both membrane and F-actin, an attractive hypothesis is that 95F myosin forms a structural link between F-actin in the furrows and the plasma membrane. However, if 95F myosin does play a role in linking actin to the membrane, it is unlikely that 95F myosin is the only link, as it leaves the furrows before actin. An alternative idea is that 95F myosin provides the force required for actin invagination. This idea is supported by the observation of shallow membrane and actin in abnormal furrows seen in embryos injected with anti-95F myosin antibody. However, cytoplasmic myosin, a force-generating molecule that is associated with cleavage furrows, is also present in metaphase furrows (Young et al., 1991) . It seems likely that this conventional myosin may play a role in force generation here as well. Thus, we do not favor the hypothesis that 95F myosin is generating force. Instead, we suggest that 95F myosin may be indirectly involved in furrow formation through the delivery of required components (Fig. 9) . The particles 95F myosin transports to the furrows may contribute proteins and/or lipids that are important for furrow formation, organization, or structural integrity. The absence of these materials would cause the misorganization of actin and the lack of normal invaginations that we observe.
Conclusion
In this study we have shown that the 95F unconventional myosin plays an important role in generating normal actinbased structures in the Drosophila embryo. This is one of the few unconventional myosins for which a specific function has been demonstrated.
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